A new rapid tooling technique named Rapid Pattern Based Powder Sintering (RPBPS) has been developed. It comprises the steps of first building a pattern made of polymer materials using a rapid prototyping machine based on a 3-D CAD model. The pattern is positioned on a substrate in a box or frame, then a mixture of metal (ceramic or polymer) powder and binder is cast around the pattern. Next, there is a step of removing the pattern and separating the substrate to obtain a green compact that has the desired cavity. Then the green compact will be sintered and/or infiltrated to form a tool or part.
INTRODUCTION
Although rapid prototyping (RP) technology has been developed greatly during the past ten years, due to the limitation of materials, most patterns made by the various RP systems can not be applied to real production. Rapid Tooling (RT) technology is defined as a process that allows a tool for injection molding or die casting operations to be manufactured quickly and efficiently so the resultant part will be representative of production material (Jacobs, 1996) . Up to now, over ten RT techniques have been proposed, in which only three techniques are relative to the RPBPS technique. The following is a brief introduction of the three techniques.
Investment Casting Technique
In the investment casting (McCaughin, 1995) , pattern and gating assembly made by a RP system are placed inside a steel flask, the investment slurry then is poured into the flask forming a complete solid block around the pattern. When the block is heated to a certain temperature, the pattern will be melted, burnt or volatilized. Then the remaining cavity will be filled with molten metals to form a desired tool.
This technique has some disadvantages. The mechanical properties of castings may be limited by the low cooling rate due to the thick wall of the mold and the bad conductivity of the investment materials. Solid mold will undergo greater thermal expansion and contraction during the firing and cooling cycles, therefore the dimensional control is more difficult and the casting is less accurate. The removal of the pattern is not easy and may cause air pollution when burning the pattern. Finally the gating and riser system must be considered.
Silicone Rubber Technique and Keltool
In this kind of techniques (Flint and Ellis, 1994) , the pattern is suspended within a box. The silicone rubber is then cast into the box so that it fully surrounds the pattern. After solidified, the rubber is cut along the parting line with a scalpel, then the pattern is removed and leaving a required soft tooling cavity. Because the soft mold is made by rubber, only low melting point materials can be molded within the cavity. If a mixture of metal powder and binder is cast into the cavity, and then the formed green compact is sintered and infiltrated with a lower melting point metal, a hard tooling is obtained, which is called Keltool Process (Jacobs, 1996; Ruder, 1992) . The tools fabricated by Keltool Process have excellent lifetime (more than one million injection molded ABS components can be manufactured). In order to increase the strength and hardness of the tools, the metal powder should be condensed as greatly as possible. However, the silicone rubber can not bear high pressure. Due to lower stiffness of the master mold, the part or green compact made by the mold has a limited accuracy. In addition, it is also difficult to remove the pattern from the master mold.
Selective Laser Sintering (SLS) and Electro Optical Systems (EOS) Sintering Machine
The SLS and EOS sintering machines are using a similar technique that is based on the selective fusing or sintering of small particles by means of a high power laser (Vanputte, 1994) . First a thin layer of fine powder spread over a working area is formed, then the powder is fused by the laser beam in terms of a CAD file, and then the next layer powder is formed on the previous layer, and continue like this until finish. The formed green compact then is sintered and infiltrated to produce the final part. There are two main problems in this technique: the low accuracy and limited materials. Due to the thermoplasticity binder, the shape of green compacts can not be kept in higher temperature, thus only low melting point powder can be used for sintering.
Other RT techniques, such as spray metal tooling, electroforming and castable resin or ceramics forming (Jacobs, 1996) are very different from the present technique. In this paper, a new rapid tooling technique called Rapid Pattern Based Powder Sintering (RPBPS) will be introduced, and some key technical problems related to the binder used in this technique will be discussed.
MAIN TECHNICAL STEPS OF RPBPS
The present technique is an integration of the above mentioned three techniques. Similar to the investment casting method, the pattern will be placed inside a flask and surrounded by powder and binder, and after the pattern is removed a desired cavity is obtained. Similar to the Keltool Process, a mixture of metal (or other material) powder and binder can be used to form a green compact. Also similar to Keltool and selective laser sintering processes, the formed green compact will be sintered and/or infiltrated with a lower melting point metal. In summary, the new method includes the following four main steps.
"A New Rapid Tooling Technique and Its Special Binder Study," Jack Zhou and Z. He, Journal of Rapid Prototyping, Vol. 5, No. 2, pp. 82-88, 1999. 4 (1) Manufacturing a pattern using a RP system based on a CAD solid model, (2) Casting the mixture of powder and binder around the pattern in a flask or box, (3) Removing the pattern and forming green compact, (4) Sintering and/or infiltrating the green compact. Figure 1 shows the detailed procedures to make an injection mold with RPBPS technique. 
COMPARISON BETWEEN RPBPS AND OTHER TECHNIQUES
The reason that RPBPS is better in rapid tooling can be concluded as that it overcome the defects of other RT methods and adopted the merit from other tooling techniques. To further depict these we have done the following comparison.
Compared with SLS Technique
The DTM sintering system (SLS) was developed at the University of Texas at Austin (Birmingham et al., 1992) . Although RPBPS and SLS all have sintering and infiltration processes to strengthen the green compact, the green compact formation process is totally different.
In SLS, green part is formed by using very high power laser to melt thermoplastic polymers mixed with metal powder (up to now SLS can only use one kind of powder called Rapid Steel Powder to make mold). The price of the machine is very high (around $ 500k) and the accuracy of the product is poor. In RPBPS, the green part is formed by casting a mixture of powder and binder around the pattern it has the highest product accuracy and lower price.
CAD Solid Model
By using RPBPS, any kind of metal, ceramic or ceramic-metal composite parts or molds can be manufactured. However, it is difficult for SLS to manufacture parts or molds with these kinds of materials.
In RPBPS, the sintering and infiltration of green compacts can be carried out simultaneously if the temperature is controlled properly, by which both shrinkage and distortion of products can be reduced.
However in SLS, sintering and infiltration are carried out in two separate processes.
In RPBPS, by controlling the temperature for removing the pattern, some water wave pattern figures will appear on the surface of products. These figures can be used as a decoration design.
Compared with Keltool Technique
The Keltool process has the following differences compared with RPBPS. In the Keltool process, Room Temperature Vulcanizing (RTV) mold first is created from a master part by pouring silicone rubber around the part. After solidified the RTV mold is then filled with a metal powder and binder mixture to form a green compact that will be sintered and further treated to result in a tool. In the RPBPS, the costly and time consuming step of making RTV mold is omitted. In other words, the green compact can be obtained from the master pattern directly.
In Keltool process, the removal of master pattern from RTV mold needs to cut the rubber along the parting line, which is not an easy work. In order to remove the RTV mold from the green compact, the whole mold will be put in a furnace to let the silicone rubber burn out, which will cause pollution. In RPBPS process, the removing of master pattern is very easy. According to the volume and shape of the pattern, melting and/or dissolving methods will be used. Table 1 it can be seen that RPBPS technique is suitable for a variety of materials and any complex geometry, it also has the advantages of rapid process and low cost.
A TECHNICAL STUDY ON BINDER SELECTION Some Main Technical Problems Related to Binder
In RPBPS, a series of technical problems need to be solved. For example how to remove the pattern before sintering and/or infiltrating green compact; how to keep the original shape and surface finish of the green compact during sintering and/or infiltrating process; and how to control the shrinkage of every step to increase the product accuracy.
Considering lower cost and higher accuracy, we chose the 3-D Printing RP machine (a product of Sanders Prototype, Inc.) to make the master pattern. The melting point of the pattern building material is about 105 o C. Therefore, if we want to remove the pattern from the green compact by heating it, the compact must bear a temperature more than 105 o C without any deformation, distortion or damage. If we want to dissolve the pattern using hot water (100 o -108 o C) or some special dissolvents, such as HCON(CH3)2, the binder should also be stable. After the pattern is removed, the green compact will be sintered and/or infiltrated in a very high temperature undergoing a long time. In order to keep its original shape to reach metal sintering temperature, the binder must possess high thermostability before decomposition. On the other hand, in order to shorten the processing cycle and reduce the shrinkage of green compact, a desired binder should solidify in a short time (< 24 hours) and have a small viscosity and better wettability with the surface of powder to form more uniform mixture. Also the ratio of binder in the mixture, and the green compact shrinkage during solidification should be as small as possible. According to the above analysis, we realized that one of the key problems is to find a qualified binder.
Considering that inorganic binder can not be volatilized completely even in very high temperature, we selected some polymer materials as binder. However, thermoplastic polymer materials are not suitable because of their amorphous molecular structure and low heat resistance. When using them as binders, the shape of the green compact can not be kept during the removal of master pattern or sintering process. So thermosetting polymers will be our first choice.
It has been found that the heat resistance of the binder is crucial in green compact forming and sintering. Through the following chemical structure study and material property analysis on polymers, we have developed several suitable binder materials and their preparing methods for our RPBPS process. The heat resistance of polymers includes two aspects: heat deformation resistance and heat stabilization (Gedde, 1996 , Flory, 1953 .
Study on Heat Deformation Resistance
A high heat deformation resistance means the high glass transition temperature Tg. We are able to use several methods to increase Tg: (1) To change the structures of main chain of the existing polymer binders. If the main chain is composed with saturated single bond, such as -C -C -, -O -C -or -Si -O -, its Tg will be very low; When heterocycle structures in the main chain, such as in phenyl, are increased the rigidity of the molecular chain will increase greatly, which will raise polymer's Tg; (2) To increase the polarity of lateral group. This method can increase molecular bonding forces. Polymers with stronger "A New Rapid Tooling Technique and Its Special Binder Study," Jack Zhou and Z. He, Journal of Rapid Prototyping, Vol. 5, No. 2, pp. 82-88, 1999. 9 polar lateral group always have a higher Tg; (3) To increase the molecular weight M. In general, Tg will increase with the increase of M. There is a relationship between them,
where Tg(∞) denotes the glass transition temperature when molecular weight is infinite, K is a constant
and Mn denotes the number mean molecular weight. (From this equation one can see when Mn is big enough the effect of increasing Tg will decrease greatly.) (4) To use cross linking method. Cross-linking among molecules can hinder the movement of molecular chain segments, thus Tg will be raised; (5) To use copolymerization method. In fact, if the monomers have similar properties, the Tg of the copolymer has a linear relationship with the weight ratios of monomers. By experimental comparison we have found that cross-linking is a very simple and effective method and has been used in RPBPS technique. As we all know that the molecular weight of linear epoxy resin is controlled from 3×10 2 to 7× 10 3 . The crosslinking of linear molecules can occur under the action of hardeners, so the molecular weight can be increased greatly. The degree of cross-linking depends mainly on the hardener and surrounding temperature. If using polyamine or other kinds of amine as hardener, the cross-linking process can be described as follows. First a cyclic chain in epoxy resin radical will be opened
Then another cyclic chain can be opened under the action of the resultant of the first step reaction. 
The produced hydroxyl can continuously react with epoxy resin radical to form net structure.
One can see that the cross-linking degree of above mentioned reactions is still not high enough. If using organic acids or acid anhydride as hardener, the cross linking degree will be higher and the reaction process is
where R represents a certain atom group, such as hydroxyl group or phenyl group. Continuously it will
Excepting the above mentioned two kinds of hardener, some polymers can also be used as hardener, such as phenol resin, urea resin and modified polyamide resin. According to our experiments, the cross-linking degree is not high enough when using the hardener of amine type, in which once the surrounding temperature is over 120 0 C, the solidified epoxy resin will be softened, and the shape of the green compact can not be kept during the process of removal of the master pattern. However, if some special hardeners or the mixtures of several hardeners are used, the glass transition temperature of the resin can be increased greatly. We have practiced these hardeners and reached the high glass transition temperature and desired heat deformation resistance.
Study on Heat Stabilization
The heat stabilization means the thermal decomposition resistance. Obviously, the binder material should have suitable heat stabilization. If the decomposition temperature is too low, the shape of the green compact can not be kept. If the decomposition temperature is too high, the undercomposed binder may hinder the sintering of powders.
In general, degradation and cross-linking of polymers can occur simultaneously under high temperature. The two reactions are both related to the break of chemical bonds. 
Degradation will result in tacky and soft of polymers. We would like the degradation process of the binder can be controlled before the temperature reaches the sintering temperature. We have used several methods to increase the heat stabilization of the existing polymer binder.
(1) To increase the strength of bond in the molecular chains and avoid weak bonds, such as (C -CL), (C -S) and (O -O).
(2) To add in aryl heterocycle structure and decrease (-CH2 -) structure in main chain. For example, when using a heterocycle structure, such as
the thermal decomposition temperature of the material will reach as high as 425 0 -450 0 C. (3) To add in some heat stabilization agents, such as stearates.
In our experiments when using tool steel powder to make injection molds, the binder should have a higher thermal decomposition temperature (from 350 0 C to 600 0 C). In order to reduce the deformation and distortion of green compact caused by the softening of binder due to its degradation in high temperature, the program for sintering green compact is designed as shown in Figure 3 . We can see that the first stage (from room temperature to 500 0 C) in which the binder degradation will happen, should be as short as possible. The second stage (from 500 0 C to 800 0 C), in which the residue volatilization will happen, should be reasonably longer. The last stage (from 800 0 C to 1100 0 C and keeping the highest temperature for a period), in which the powder sintering / infiltration will happen, should be longest one among the three stages.
There are some other technical problems related to binder. One of them is to reduce the viscosity of the binder. If it is too high, the binder can not be mixed with the powder uniformly and the strength and hardness of the products may be affected. To solve this problem some special dissolvents were used.
However, the effects of the dissolvents to the solidification time, heat deformation resistance and heat stabilization should be researched by experiments. Another problem is related to the infiltration of ceramic matrix green compact. We have found a method of infiltrating α-Al2O3 matrix green compact with aluminum alloys under a special protective atmosphere. The binder used in this process is very different from that used in sintering metal powder green compacts. These problems will be discussed in another paper. To find a qualified binder is one of the key technical problems in RPBPS. By using cross linking, mixing different hardener, adding to heat stabilization agent, increasing aryl heterocycle structure in main chain and other methods, the heat deformation resistance and heat stabilization of binder can be increased greatly in order to fit the need of sintering and /or infiltration.
